A fundamental element of plant development is abscission of mature or ripe fruit, senescent tissues, or damaged organs. Abscission is a complex, organized, and regulated process that occurs in predetermined and defined areas in plants called abscission zones. During abscission, cytoplasmically dense cells, located in abscission zones of plants, undergo division and elongation, followed by increased gene expression and activity of enzymes involved in cell wall modification, such as cellulase, polygalacturonase, and pectinesterase (Roberts et al., 2000) . These events have been documented in citrus fruit and leaves (Burns and Lewandowski, 2000; Burns et al., 1998; Goren, 1993; Kazokas and Burns, 1998) . The cell wall hydrolases are believed to degrade the middle lamella of adjoining cells in the abscission zone, greatly weakening the bond between organ and parent plant. Cells that line the developing fracture plane eventually differentiate into peridermal scar tissue (Bleecker and Patterson, 1997) and, as such, form a barrier to desiccation and pathogen attack.
The plant hormones ethylene and auxin affect abscission. Ethylene promotes abscission, whereas auxin is thought to delay the process (Brown, 1997) . Abscission in citrus fruit and leaves can be impeded by the use of ethylene action inhibitors, such as silver thiosulfate (STS) or 1-methylcyclopropene (1-MCP; Pozo and Burns, unpublished data). Ethylene action inhibitors block the binding of ethylene to ethylene receptor(s) located within in the plant and thereby prevent downstream events that lead to abscission or other ethylene-related responses. Ethylene perception is thought to be controlled by a family of five genes in Arabidopsis. Two of these genes, ETR1 and ERS1, encode proteins similar to "two-component receptor systems" and contain an ethylene-binding site within their membrane-spanning domains (Bleecker and Kende, 2000; Hall et al., 2000) . Although similar in many respects, notable differences in predicted structure, affinities for downstream interaction with CTR1, and ethylene inducibility of ETR1 and ERS1 transcripts suggest that differential responses to ethylene could be related to the presence or expression of ETR1 and/or ERS1 genes in tissues.
During the course of development, plants often shed leaves, fruit, and flowers independently. This suggests that mechanisms exist to preferentially abscise mature fruit without affecting leaves, flowers, or developing fruit. Two major objectives of our abscission research program at the Citrus Research and Education Center in Lake Alfred are to: 1) define changes that occur during the abscission process in citrus fruit and leaves and 2) translate this information into viable abscission agents for the Florida citrus industry. Currently, there are no registered abscission materials that can be used for citrus in the United States. A number of abscission materials have been tested in several citrus fruit-producing countries over several decades. From these materials, Ethrel ® (2-chloroethyl phosphonic acid) and 5-chloro-3-methyl-4-nitro-1H-pyrazole (CMN-P, formerly known as "Release") emerged as effective fruit looseners for citrus.
After application to plant surfaces, Ethrel ® is transported into the more alkaline intracellular compartments and, as a result, releases ethylene (Cookle and Randall, 1968) . Ethrel ® has been useful as an abscission aid for harvesting plums, cherries (Bukovac et al., 1969; Flore and Bukovac, 1982) , and olives (Martin et al., 1981) . However, at the higher concentrations often necessary to elicit a desirable effect on mature fruit abscission in citrus and cherry, Ethrel ® can cause excessive leaf abscission and gummosis (Bukovac et al., 1969; Pozo and Burns, unpublished data) . In contrast, CMN-P at low concentrations is a very effective abscission material for citrus because it rapidly elicits mature fruit abscission without causing defoliation, immature fruit drop, or floral abscission (Hartmond et al., 2000b) . We used Ethrel ® and CMN-P to cause abscission in 'Valencia' and searched for unique gene expression induced by these compounds. In this communication, results are presented on induction and characterization of abscission-related genes 48 h after application of abscission materials.
Data are presented that demonstrate the use of such information to select abscission materials for citrus. RNA isolation. In 1999 , fieldgrown 12-and 13-year-old 'Valencia' trees located at the Citrus Research and Education Center, Lake Alfred, Fla., were sprayed with 200 mg·L -1 CMN-P or Ethrel ® . Abscission material solutions contained 0.125% Kinetic as adjuvant. Control trees were sprayed with adjuvant alone. Each tree received ≈5 L of solution directed at the canopy. Ten trees were used per treatment each year. Representative fruit with subtending stems and small branches containing leaves were harvested from trees 0, 6, 24, and 48 h after treatment application. Fruit abscission zone tissue was removed using a sharpened 4-mm-diameter cork borer. The borer was slipped over the pedicel and pushed through the calyx and fruit peel. The location of the fruit abscission zone was visually determined in this tissue cylinder and further trimmed to 6 mm × 4mm. For leaf abscission zones, 4 mm of tissue, containing the laminar abscission zone located at the petiole/blade junction, was excised. Leaf blade tissue was excised from mid-blade and did not include midrib tissues. Mature and immature fruit and leaf abscission zone and leaf blade tissues were frozen in liquid nitrogen and stored at -80 °C. When needed, tissues were ground to a fine powder for RNA extraction.
MATERIALS AND METHODS

Plant material for
Plant material and methods for screening putative abscission materials. Field-grown 'Valencia' trees or 3-year-old potted calamondin trees in the greenhouse were used to screen putative abscission materials. Whole-tree canopies, individual branches, or, alternatively, direct mature fruit abscission zone treatments were used to apply test substances. About 5 L or 500 mL of solution containing test substances plus adjuvant was applied to whole tree canopies of 'Valencia' or calamondin, respectively, whereas 100 mL was applied to 'Valencia' branches. Branch tests were applied to runoff. For direct abscission zone applications, 500 µL of solution containing test substances plus adjuvant was applied to absorbent cotton swabs affixed to the pedicle/ fruit junction near the calyx abscission zone. Cotton swabs containing test substances were dry generally within an hour after application. Fruit detachment force (FDF) was measured in mature 'Valencia' and calamondin fruit by using a digital force gauge (Force Five, Wagner Instruments, Greenwich, Conn.). Fruit were harvested in the field with 15-20 cm attached stems and transported to the laboratory. Stems were clipped to ≈2.5 cm, inserted into the gauge, and the stem pulled parallel to the fruit axis until it separated from the fruit. FDF was measured in Newtons (N). Percent fruit or leaf drop was determined by counting the number of fruit or leaves on the ground and dividing by the total number of fruit or leaves.
RNA isolation, differential display, and construction of subtraction libraries. Total RNA was extracted using standard procedures or the RNeasy Plant Mini Kit according to the manufacturer's specifications (Qiagen, San Francisco). Total RNA was used as template for the reverse transcriptase reaction followed by differential display PCR (polymerase chain reaction) with [α-33 P] dATP. Random-arbitrary and anchored primers were purchased from Operon Technologies (Alameda, Calif.) and Clontech Laboratories (Palo Alto, Calif.). PCR-amplified cDNA fragments were separated on denaturing 5% polyacrylamide gels in TRIS-borate electrophoresis (TBE) buffer. cDNAs were isolated from dried gels, re-amplified by PCR, and cloned as described (Ohet al., 1995) . Total RNA extracted from mature 'Valencia' fruit abscission zones 48 h after CMN-P and adjuvant alone treatment applications were used to construct the subtraction library. Library subtractions were performed using PCRSelect cDNA Subtraction Kit from Clontech Laboratories, as described in the manufacturer's specifications.
DNA sequencing, homology searches, PCR, and northern blotting. Nucleotide sequencing was provided by the DNA Sequencing Core Facility (Univ. of Florida, Gainesville). Nucleotide and amino acid sequence analysis as well as multiple sequence alignment were performed with OMIGA 2.0 software (Accelrys, San Diego). For homology search, cDNA sequences were compared to the NCBI (National Center for Biotechnology Information) non-redundant databases. Initial verification of differential expression was accomplished using reverse transcription (RT)-PCR. Differentially expressed sequences verified by PCR were used as probes for northern hybridization. For northern blotting, total RNA (10 µg/lane) from each plant tissue was loaded and separated on 1.2% formaldehyde denaturing agarose gels. RNA was transferred overnight onto neutral nylon membranes (Hybond-N; Amersham, Piscataway, N.J.) using a TURBOBLOTTER (Schleicher & Schuell, Keene, N.H.) . Radiolabeled probes were prepared with [α-32 P] dCTP (NEN Life Science Products, Boston) using a random primer-labeling kit (Gibco BRL, Rockville, Md.). RNA membranes were pre-hybridized and hybridized in PerfectHyb Plus Hybridization Buffer (Sigma, St. Louis) according to manufacturer's instruction.
Compounds used to alter abscission. Pseudomonas syringae pv. glycinea strain PG4180.N9 was provided by Dr. Carol Bender, Oklahoma State Univ. Coronatine was produced by fermentation with P. syringae and isolated according to established procedures (Palmer and Bender, 1993) . Applications of coronatine were made to canopies of citrus at 200 mg·L -1 at ≈5 L/tree. Adjuvant was added to coronatine solutions as described above. Guanfacine and clonidine were purchased from Tocris (Ellisville, Mo.) and Sigma, respectively. Compounds (1 or 2 mM) were dissolved in Ethrel solutions containing adjuvant and applied immediately to canopies of citrus. Solution pH remained between 5 and 6. Metsulfuron-methyl (Ally; DuPont Chemical Co., Wilmington, Del.) was purchased from Helena Chemical Co. (Collierville, Tenn.) and applied as described . Methyl jasmonate was purchased from Bedoukian Research (Danbury, Conn.) and applied as described (Hartmond et al., 2000a) .
RESULTS AND DISCUSSION
An effective abscission material for Florida citrus must favorably enhance fruit removal with no undesirable effects on leaf abscission, next year's yield, and tree health. Throughout the 'Hamlin' and 'Valencia' harvest season in Florida, periods of shoot growth alternate with periods of root growth (Fig.1) . During the 'Valencia' harvest season, mature fruit, flowers, leaves, young shoots, and young developing fruit can be on the tree simultaneously. Selectivity is a particularly challenging issue when searching for an effective abscission material, especially for 'Valencia'.
In screening work with putative abscission materials, we often use calamondin trees in preliminary trials, especially in the summer and early fall months when mature fruit on commercial cultivars are not available. When screening putative abscission materials, whole tree applications are preferred; however, in situations where limited materials are available, branch tests or direct abscission zone applications are used. Calamondin has proven to be an excellent model system for screening compounds (Wilson et al., 1977) because it has three or more crops of fruit throughout a year and its response to abscission materials is similar to commercial citrus cultivars. However, there are notable differences in response that must be considered when using calamondin. In our experience, calamondin is less sensitive to Ethrel® than commercial citrus cultivars. We typically use 400 mg·L -1 Ethrel® in calamondin to reduce FDF to 50% of the original value, whereas a 50% reduction in FDF is typically achieved with 200 mg·L -1 in commercial cultivars under Florida conditions.
Application of 200 mg·L -1 Ethrel® or CMN-P to 'Valencia' orange trees resulted in a reduction in FDF 24 h after treatment (Fig. 2) . FDF continued to decline 24 h after trees were treated with 200 mg·L -1 CMN-P, but not with Ethrel®. Leaf drop is generally unaffected by CMN-P treatment at recommended rates, but is promoted with Ethrel® treatment, especially during high temperatures (data not shown). Differences in leaf drop between CMN-P and Ethrel® treatments in potted calamondin trees are illustrated in Fig. 3 . Leaf drop was low at 0 to 1000 mg·L -1 CMN-P, but markedly increased at concentrations of 2000 to 3500 mg·L Ethrel® applications (data not shown).
Differential mRNA display and subtractive cDNA library screening was used to search for unique abscission-related metabolism that could be targeted in a strategy to alter abscission in commercial cultivars of citrus. Our initial search focused on unique genes expressed 48 h after CMN-P and/or Ethrel® application in 'Valencia'. We sequenced over 200 subtracted cDNA clones and 120 cDNA clones obtained by differential display. Differential expression of some of these genes was confirmed by northern hybridization and/or RT-PCR. The identities of subtracted and differentially displayed cDNAs enabled us to evaluate metabolic pathways affected by abscission. Isolated cDNAs obtained from our gene-hunting strategy encoded proteins that were either up-regulated in response to CMN-P in abscission zones and other non-abscising tissues, down-regulated in non-abscising tissues but up-regulated in mature fruit abscission zones, or up-regulated in mature fruit abscission zones. In general, isolated cDNAs encoded proteins that could be grouped into three areas of metabolism: 1) hormonal regulation/signal transduction, 2) cell wall metabolism, and 3) secondary metabolism/PR proteins. Table 1 gives examples of encoded proteins derived from cDNAs found to be up-regulated during the abscission process in citrus.
Compounds that alter abscission response were selected for screening based on cDNA identities and putative affected metabolism. For example, cDNAs encoding proteins involved in jasmonic acid biosynthesis were present in cDNA subtraction libraries that represented genes differentially present in mature fruit abscission zones treated with CMN-P. These up-regulated genes included allene oxide synthase and 12-oxophytodienoate reductase (Table 1) . Jasmonic acid and its methyl ester methyl jasmonate are octadecanoids known to induce a variety of plant responses related to defense (Rickauer et al., 1997) , wounding (Lee et al., 1998) , fruit ripening (Fan et al., 1998) , and secondary metabolite synthesis (Memelink et al., 2001 ). Jasmonic acid was also shown to promote bean leaf abscission (Ueda et al., 1996) . Methyl jasmonate promoted mature fruit drop and ethylene production in citrus (Hartmond et al., 2000a; Kender et al., 2001 ). Unfortunately, leaf drop was excessive at concentrations necessary to cause fruit loosening. Alternative compounds were sought that would mimic the effect of jasmonates on fruit loosening but with less effect on leaf abscission.
An example of such a compound selected as an abscission agent, using information from the gene expression work, is coronatine. Coronatine is a fermentation product of several pathovars of Pseudomonas syringae and has similar biological activities to methyl jasmonate (2) Cell wall modification acidic cellulase cel-a1 β-1,3-glucanase basic cellulase cel-b1 lipid transfer protein expansin pectinesterase cspme3 β-galactosidase polygalacturonase (3) Fig. 2 . The effect of CMN-P and Ethrel® on reduction of FDF in 'Valencia' orange from 0 to 72 h after abscission material application. SE is indicated. Fig. 3 . Leaf abscission induced by increasing concentrations of Ethrel® or CMN-P in calamondin 5 d after application. SE is indicated. (Bender 1999; Koda et al., 1995) . Application of coronatine to plant tissues causes ethylene production (Ferguson and Mitchell, 1985; Kenyon and Turner, 1992; Perner et al., 1994) . A 200 mg·L -1 solution of coronatine was applied to 'Valencia' and compared with 200 mg·L -1 CMN-P and 200 mg·L -1 Ethrel®. Five days after application, reduction in FDF induced by coronatine was equal to or greater than that induced by CMN-P (Fig. 4) . Leaf abscission was high in Ethrel®-treated trees but <20% in coronatine-treated trees. It is unclear what affect this level of defoliation would have on long term tree health and return yield, especially under conditions of annual defoliations that would be expected with commercial abscission material applications. In contrast to coronatine treatments, leaf abscission was <3% in trees sprayed with CMN-P or adjuvant alone.
Several cDNAs were isolated that encoded proteins involved in IAA metabolism (Table 1) . IAA is known to alter the sensitivity of tissues to ethylene, and exogenous applications delay abscission (Brown, 1997) . cDNAs encoding proteins involved in inputs to the IAA pool (IAA amino acid hydrolase; Bartel and Fink, 1995) , inputs and outputs to the IAA pool (IAA glucosyltransferase; Szerszen et al., 1994) , and those induced by auxin (IAA-induced gh3; Hagen et al., 1984) were isolated, suggesting the complex manner in which auxins participate in the abscission process. In a straightforward way, leaves often do not abscise, even though adjacent mature fruit mature, evolve ethylene, ripen and abscise. This suggests a mechanism exists that enables preferential abscission of organs throughout a plant's lifetime. Differences in ethylene perception within different tissues and developmental stages could play a role in preferential abscission, and this could be related to auxin.
Ethrel applications to Florida citrus that result in good fruit loosening cause high levels of defoliation. Several auxins such as 2,4-dichlorophenoxyacetic acid, naphthaleneacetic acid and 2,4,5-trichlorophenoxyacetic acid were applied to citrus canopies either before or during Ethrel applications to determine if leaf loss could be controlled while still enabling fruit loosening. Predictably, these auxins inhibited both leaf loss and fruit loosening. At low dosages, preferential mature fruit abscission was not achieved (data not shown). Other compounds were sought with altered structures that could have auxin activity. Upon further study of the gene expression information, a series of compounds was selected that reduced defoliation associated with Ethrel application. Clonidine and guanfacine are examples of compounds in this series (Fig. 5) . These compounds are known in mammalian research as α 2 -adrenergic receptor agonists, and function by influencing calcium influx and signal transduction in pre-and postsynaptic neurons (Feldman et al., 1997) . The structure of both compounds have some similarity with auxins of the benzoic acid and phenoxyacetic acid series, but with notable differences. For example, the compounds are basic and do not contain a carboxylic acid function, and the ether function indicative of the phenoxyacetic acid series is absent. A 200 or 400 mg·L -1 solution of Ethrel® containing 2 mM clonidine or guanfacine was applied to 'Valencia' and calamondin trees, respectively. Combining these compounds in the spray mixture with Ethrel® reduced defoliation associated with abscission material application in both citrus types (Fig. 6) . Interestingly, these same combination treatments did not significantly impair the ability of Ethrel® to reduce FDF (Fig. 7) . This suggests that these compounds alter sensitivity of leaves to abscission materials, leading to leaf retention while not affecting the ability of fruit to respond.
The mode of action of guanfacine and clonidine in plants is unknown but will be the subject of future research. Application of these compounds to cuttings of coleus and tomato promoted lateral root formation (data not shown), indicating that these compounds may have auxin-like activity. Similarly, the reason for the preferential inhibition of leaf abscission in guanfacine-and clonidine-treated plants is also unknown. It is worth noting that the side chains of both compounds contain an a guanidine-related moiety. Some guanidinerelated compounds are potent inhibitors of inducible nitric oxide synthases (Griffiths et al., 1993; Southan et al., 1995) .
Other abscission materials were combined with clonidine to determine if defoliation could be reduced. We previously reported that acetolactate synthase inhibitors such as metsulfuron-methyl and prosulfuron induced abscission in citrus, but defoliation and twig-dieback were serious side effects. Methyl jasmonate was also identified as a good citrus fruit abscission agent, but significant defoliation at effective fruit loosening concentrations occurred (Hartmond et al., 2000a) . Combining metsulfuronmethyl or methyl jasmonate with clonidine reduced defoliation associated with abscission material application (Fig. 8) and greatly reduced or eliminated twig-dieback in calamondin trees sprayed with metsulfuron-methyl (data not shown). Taken together, these data suggest that clonidine and guanfacine could be used to reduce defoliation associated with LA-503 treatment. Studies to address this are now under way.
Future work will focus on identification of unique abscissionrelated events induced early in the abscission process. "Profiling" affected metabolism at these early time points will enable us to identify additional compounds that may be useful for citrus abscission. Crop improvement is measured by new cultivars with improved yield, pest resistance, and/or product quality. It is not easy to develop a cultivar that is commercially successful for a long period of time. Of the many cultivars that are released, only a small percentage are successful as measured by large market share over a number of years. The difficulty involved in developing successful cultivars is probably underappreciated by many outside of plant breeding and even by some plant breeder/geneticists not engaged in finished cultivar development. This is an important point for those engaged in biotechnology. Engineered genes should be inserted into a successful cultivar in order to accurately define and maximize their impact. Historically, it is rare that the impact of a new cultivar is so great that existing cultivars are rendered obsolete and that newly available traits become a requirement of all future cultivars. Occasionally, a cultivar is released that is so good that it is grown on major acreages for decades, with a prime example being the 'Russet Burbank' potato. More often, improvements are of a minor nature and the successful new cultivar will be grown on lesser acreages and/or for a shorter time period before being replaced. However, most cultivar releases do not work out as planned and fail to be widely grown at all. Although these cultivar releases may have some improvements, they usually have an unanticipated weakness that limits their acceptance in the marketplace. Sometimes lack of acceptance is a marketing problem. Regardless, even unsuccessful releases were generally deemed worthy of release by their breeders and represent some of the best germplasm in a given breeding program. It can be concluded that developing a commercially successful cultivar is a difficult task that requires patience and hard work. The value of the background gene combinations required for a successful cultivar should not be underestimated by anyone who hopes to market a new improved cultivar by conventional breeding or a biotechnological approach.
The term biotechnology is a broad term encompassing a wide range of science. For plant improvement it could include molecular markers linked to genes of interest or it could involve plant transformation. For this paper the focus will be on plant transformation where genes are modified or transferred by molecular means. Biotechnological advances hold promise as a means to solve problems that are intractable by traditional plant breeding methods and provide tools that are of potential benefit for crop improvement. With the above discussion on cultivars in mind, will the biotechnological improvements have major or minor impact? This depends on the improvements that are forthcoming and will need to be measured on a case-by-case basis, just as with new conventionally bred cultivars.
Many in the scientific community certainly have been enamored with the promise of biotechnology. Whereas no one could dispute the tremendous advances in basic plant science that have been made possible by biotechnology, the impact is not as clear when it comes to plant improvement. Over the last two decades, there have been many claims made for biotechnological "silver bullets" that will revolutionize the kinds of cultivars that are grown for a given crop. Perhaps this is due to the expense of biotechnological research. Why invest large sums of money for a less than monumental improvement? Today, there is a better understanding of the interface between biotechnology and plant breeding. Unlike the 1980s, there are few that still believe that biotechnology will make plant breeders obsolete. Biotechnological impacts on crop improvement have been large and small just as with conventional breeding. As with the rest of science, only a small minority of hypotheses result in profound breakthroughs. I surmise that, in general, plant breeders welcome the new biotechnological tools, but do not care for the hype that too often accompanies (some of) them. Let's look at the present situation regarding commercial biotechnological crop improvement.
